Organized structures produced by dynamic self-assembly are often observed in animal groups. Static self-assembly, however, has to date only been observed at the cellular and sub-cellular levels. The aim of this study was to analyse organized structures in immobile whirligig beetle groups on the water surface. We used theoretical and computational approaches to model the meniscus around whirligig beetles and to calculate the surface energy for configurations involving two beetles. Theoretical predictions were then tested using live insects and resin casts. Observations were also made for three and more casts. The meniscus of whirligig beetles had a bipolar shape with two concave parts. For two beetles, predicted configurations based on energy minima corresponded to beetles in contact by their extremities, forming lines and arrows, and agreed well with observations. Experimental results for three and more beetle casts revealed new geometrical arrangements similar to those obtained with colloids at interfaces. This study provides the first example of static self-assembly at the inter-organism level and shows the importance of capillary interactions in such formations. We identify the ecological context in which our findings are of relevance.
INTRODUCTION
Living in groups is a common feature in organisms. Organized structures are often observed in such groups and they have been classified as self-assembly and self-organization [1 -3] . Self-assembly is defined as a spontaneous formation of organized structures through a stochastic process that involves pre-existing components, which is reversible and may be controlled by proper design of the components, the environment and the driving force [4] . Two kinds of self-assembly can be distinguished-static and dynamic [3, 4] . Static self-assembly leads to structures with local or global equilibrium, whereas dynamic self-assembly leads to stable structures that are not in equilibrium [4] . Using these definitions, self-organization in animal groups can be considered as a dynamic self-assembly phenomenon. Numerous examples of dynamic self-assembly of groups of organisms have been studied, such as fish schools and ant trails [1] . These phenomena can be produced by physical interactions [5] , behavioural interactions [6] or both [7] . In contrast, static self-assembly has not been reported to occur between organisms. However, several examples have been found at lower organizational levels. The tobacco mosaic virus is a well-known example of static self-assembly in biological systems [8] . Other examples at the cellular or intracellular level have been described, including the formation of filopodia and protein folding [9, 10] . Static self-assembly also occurs in inorganic systems, and has been extensively studied for colloids (i.e. micro-or nano-particles) at interfaces [11] .
Adult whirligig beetles (Coleoptera, Gyrinidae) exhibit several collective behaviours on the water surface that can be considered as dynamic self-assembly Figure 1 . A group of whirligig beetles (Macrogyrus sp.) resting on the water surface. Particular configurations can be observed, for example, the flower-like configuration on the top right corner (q Copyright Chris Chafer). [12, 13] . Whirligig beetles are semi-aquatic insects that have their body partially immersed in water; they have specific adaptations to this lifestyle, including divided composite eyes to see above and below the water surface [14] , and floating antennae able to detect surface waves [15] [16] [17] . They are usually found in groups of 10 to several thousands of individuals [12] . The major advantage of swarming in these insects seems to be protection against predators [18, 19] . Studies of the dynamics of the positions of individuals within whirligig beetle groups have shown the importance of sex, satiation and predator attack [13, 20] . Whirligig beetle swarms can contain only one single species or several species or, often, several genera [12, 21] . The activity of individuals within groups is strongly affected by temperature, and warm beetles are more active [22] . Swarms of whirligig beetles, even species living on running water, stay in particular locations [12] , and beetles forage on water by tracing circling trajectories. Whirligig beetles show periods of reduced activity, for example when basking [22] , but little is known about collective phenomena during these resting periods. Observations indicate however that immobile whirligig beetles aggregate in particular configurations, as shown in figure 1 . This strongly suggests a static self-assembly phenomenon [23] . This view is supported by analogies with studies on colloids where self-assembled particles in equilibrium show similar patterns [24] . Several forces can drive static selfassembly between colloids, such as van der Waals interactions, electrostatic interactions and capillarity [25] . Given the size of whirligig beetles (larger than 3 mm) and the non-charged nature of these insects, it seems likely that their presumed self-assembly is capillary induced.
We investigated whether surface tension effects, capillarity in particular, can account for the observed patterns formed by resting whirligig beetles. We used theoretical and computational approaches to model the meniscus around a single beetle, and to estimate the surface energy associated with configurations between pairs of beetles. Resin casts of whirligig beetles were used to test the predictions obtained on the basis of surface energy minima, and to explore the range of configurations involving several beetles. The spatial arrangements can be adequately explained by the capillary interactions induced by the surface tension and our analysis supports the hypothesis of static self-assembly in whirligig beetles.
METHODS

Meniscus around whirligig beetles
The meniscus is a static deformation of an interface between two fluids and corresponds to equilibrium between capillary forces and gravity, minimizing the surface energy [26] . The shape of the meniscus around floating objects is strongly affected by their shape, weight and chemical properties [27, 28] . The shape of the contact line is important for determining the meniscus around whirligig beetles, as will be shown below. The contact line (i.e. air-water -beetle interface) is defined by the margins of the elytra and the thorax, and the hairs around the head (on the antennae and the labium, i.e. the extremity of the head) and around the pygidium (i.e. the extremity of the abdomen). The hairs of the pedicelus, the floating part of the whirligig beetle antenna, are important for the buoyancy of the head [29] . The only information reported to date about the meniscus around whirligig beetles was provided by Larsen [23] who described its bipolar shape. The shape of the meniscus is responsible for capillary interactions between individuals.
Whirligig beetles
Whirligig beetles of the species Gyrinus substriatus Steph. were collected from a temporary pond in Indre et Loire, France. They were kept in 10 l aquariums, in groups of 8 -10, and were fed daily with Drosophila fruitflies. Aquariums were filled with tap water, which was changed weekly. Beetles were placed on water in a 17 Â 15 Â 9 cm aquarium with black walls facilitating the visualization of menisci, and photographed to analyse the shape of the meniscus that the beetles produced. Photographs were also taken through a stereomicroscope using dead beetles to measure the shape of the contact line. Beetles were photographed from the front, top and sides.
To study capillary interactions between whirligig beetles, several individuals were put together on water in a small aquarium (15 Â 10 Â 5 cm). The walls of the aquarium were plastic with a contact angle of approximately 908 (i.e. producing very little deformation of the surface) to avoid capillary interactions between walls and beetles. In normal laboratory conditions, it was difficult to observe immobile groups of beetles. To reduce their activity and thereby facilitate photography, the aquarium was placed in a cold chamber (68C) for several hours. Photographs were taken once configurations involving two or more individuals were stable, lasting for more than 5 s.
Governing equations
When a whirligig beetle is immobile on the water surface, a meniscus corresponding to an equilibrium of the air-water interface is formed around the insect. This equilibrium configuration is governed by the balance of the free energy of surface tension and gravitational forces; each beetle deforms the surface around it owing to its weight and also to the form of its body. This equilibrium configuration can be determined by standard techniques of variational calculus, subject to boundary conditions. For each beetle, considered as a rigid floating object, six degrees of freedom are to be determined, namely the coordinates (C x , C y , C z ) of a reference point, which is fixed with respect to the floater and three rotation angles around it (w, c, h; figure 2 ). The surrounding air-water interface carries an infinite number of degrees of freedom, namely the full height profile of the free surface at all points. Upon variation, these degrees of freedom lead to the well-known Laplace law of curvature (equation (2.2) below). The rigid floaters and the free surface are coupled by the boundary condition (see below) at the contact curve where water, air and insect meet. We present here the equations which we subsequently solved numerically with the aid of Surface Evolver as described in §2. 4 .
The free-energy expression E, which is to be varied with respect to these degrees of freedom, is the sum of the free energy of the air -water interface, S AW with surface tension g, and of two terms accounting for gravity:
dr r z r W ðrÞ:
ð2:1Þ
The geometry of the model system is depicted in figure 3 , where the volumes, interfaces and the normal vectors N and n are defined. The index B denotes the beetle, W stands for water and A for air; r z is the vertical component of the vector r, g the gravitational acceleration, and r B and r W denote the mass densities of the insect and of water, respectively. The density of air and the surface tensions of the other two interfaces (S AB and S BW ) are not considered in equation (2.1). Usually, the meniscus is influenced by the angle of contact, but here there is no prescription for the contact angle because of the sharp edge of the contact line and of the probable chemical discontinuity between the wetted and un-wetted parts of the body [30] [31] [32] . We assume the contact line to be pinned at the margin of the elytra, which is, geometrically, sufficiently sharp to allow a wide range of contact angles (Schindler & Voise 2010, personal observation).
The variation is initially done with respect to all positions of all interfaces between the three volumes. On the interface S AW , this variation leads to the Laplace equilibrium condition for height profile, surface tension and curvature k at any point of the interface S AW ½Àgk þ ðr z À z 0 Þgr W N ¼ 0:
ð2:2Þ
The height offset z 0 is defined as the height of the surface far from all floaters, where the curvature vanishes. Then, in a subsequent step, the rigid-body constraints for the floater B are used. The resulting equilibrium conditions are implicit equations for the degrees of freedom, the position coordinates (C x , C y , C z ) and the angles (w, c, h). The first set of equations, which can be used to determine C, reads:
ð2:3Þ
Here, n is the vector normal to the contact curve but tangential to the air -water interface, S AW . A similar set of equations, not given here, determines the angles.
Equation (2.3) comprises several integrals over geometrical entities; each depends on all six degrees of freedom of the floater. The first integral states that the surface tension pulls at the contact curve in the direction tangential to the water -air interface, and the second integral says that gravity pulls the floater in the z-direction with some modifications owing to mass distribution, which is not necessarily homogeneous. The third integral is the buoyancy force, which is not simply volume multiplied by density difference known from Archimedes' principle for entirely submerged bodies, because the floater in this model system is only partially immersed, and the air-water interface is not flat. Further analysis of equation (2.3) allows a geometrical interpretation of Archimedes' principle in the case of uniform density r B : by extending the contact line vertically up to the water level z 0 a volume V* (the shaded volume in figure 3 ) can be defined. Only this part of the displaced fluid contributes to the buoyancy force, the remaining part above the free surface does not. The calculation and physical arguments for this shape are given by, for example, Keller [33] and Vella & Mahadevan [34] .
The contact line, which is fixed by the morphology of whirligig beetles, constitutes a boundary condition to the surrounding free surface profile. Both curvature of the contact line and the insect weight contribute to determining the observed meniscus. The exact shape of the meniscus, the immersion depth of the reference point and the orientation angles all influence each other, as they are all implicitly present in equation (2.3). The asymmetric shape of the contact line also contributes. For the given shape of a whirligig beetle, for example, the equilibrium orientation is such that the head lies deeper than the extremity of the Static self-assembly in higher organisms J. Voise et al. 1359
abdomen-even if the mass density is assumed to be homogeneous. This orientation is thus solely a result of the shape of the contact curve. The interaction between two or more whirligig beetles follows the same rules. The common meniscus of two floaters depends on both positions and rotations.
Solving equations with Surface Evolver
To investigate the shape of the meniscus for a single whirligig beetle and the interaction between two of them, we solved the above equations numerically. This was done using the program Surface Evolver [35] , which discretizes the surface into triangles and searches to minimize the energy expression (2.1) by displacing the vertices of these triangles. Incorporating the experimentally observed geometry of the beetle (G. substriatus) into this framework was one of the major technical difficulties of the present work. It was done in three steps. First, the contact line was retraced on two-dimensional curves using top-view and side-view photos of a dead beetle. For simplification, details such as the hairs around the head and the abdomen, as well as the complex shape around the antennae were not taken into account. These two projected contact lines were then in turn used as input data for an optimization algorithm to find a three-dimensional representation in the form of Bezier curves. The optimization minimizes the overall mean-square distance between the projected inputs and the fitted curve. It strictly respects tangential constraints, which renders the representation sufficiently smooth. The parameters for the resulting 14 Bezier curves were then used as boundaries and constraints in the input file for Surface Evolver (figure 4). These boundaries and constraints were formulated in terms of the six free degrees of freedom described above, namely the coordinates of the reference point C and three angles (w, c, h; figure 2 ).
The calculation of the equilibrium conditions given in the previous section showed that each aspect of the immersed insect morphology, and not only the contact line, affects the meniscus. In principle, a numerical simulation should therefore model the whole geometrical form of the beetle's body. This, however, is a tedious task, and is not likely to be fruitful without access to the mass distribution inside the whirligig beetles. Therefore, we considered that it would be sufficient for our aims to model only the contact line and to minimize the free energy for a fixed immersion depth, which was obtained from observations. The value of this fixed depth, 0.2 mm, was determined using side-view photos of living individuals on a water surface.
To investigate the static configurations between two whirligig beetles, Surface Evolver was used with two beetles (i.e. two contact lines) on the surface. The free energy as a function of their relative orientation was investigated by minimizing this energy with respect to the parameters C x , C y , c, h of both beetles, while the angles w 1 , w 2 were held fixed during one minimization. A sweep over all w values therefore yields information about the static equilibrium angles and about their respective free energies.
We considered three main configurations for two beetles: side, line and arrow. The line configuration corresponds to beetles with their bodies aligned in the same axis, and the arrow configuration corresponds to beetles in contact at their extremities with an angle between 2908 and 908 between the two body axes. These contacts can be at the heads (head/head), abdomens (back/back) or both (head/back). The side configuration describes beetles with their body axes in parallel and in contact at their sides, oriented in the same direction (head/head ) or in opposite directions (head/back). Several initial configurations, differing in their absolute position on the coordinate axes, give the same value of Dw which is a relative measure. Here, we used w 2 ¼ 2w 1 þ 1808 and w 2 ¼ 2w 1 þ 3608 for the two initial configurations that are head/head side and head/back side, respectively. This choice was made to limit the mesh deformation in numerical analysis.
Experiments using a physical model
To facilitate the comparison of the interactions between living beetles with the numerical analysis, we introduced an intermediate physical model reducing whirligig beetles to the morphological elements which govern the capillary attraction. Casts of G. substriatus were used as a physical model to avoid problems with the activity of lively swimming beetles. Moulds in silicon were made using dead dried beetles. Only the upper part of the elytra was outside the mould. Legs were removed because they could modify the contact line if too close to the margin of the elytra. Once moulds were dried, dead beetles were removed and coloured resin (Cristal resin, Gedeo; Vitrail paint, Pébéo) was injected with a syringe into the moulds, taking care to eliminate any air bubbles from the resin. Then, dried resin casts were extracted from the mould and surplus of resin was removed with a razor blade. Utilization of silicon and resin gave very accurate casts in terms of morphology. The upper part of the elytra was not moulded, but it has no importance for this study because this part was always out of water and sufficiently far from the contact line to have no influence on the meniscus shape or on capillary interactions. Casts were then soaked in hot wax to compensate for their hydrophilic property and the absence of hairs at the front and back. This process rendered the cast hydrophobic and conferred the appropriate buoyancy. The buoyancy was verified using side-view photos of a floating cast: the shape and the depth of the contact line were similar to that observed for living beetles. To maintain this buoyancy, casts were re-soaked in wax after each experiment. Moulds were made with 10 beetles and each was used to make one or two casts. The mean weight of the casts (201 mg, 10 individuals) was higher than that of living beetles (150 mg, 10 individuals), but, as mentioned previously, the buoyancy was not affected. We verified that the shape of the meniscus formed by the casts was appropriate by studying photos of casts on the water surface under the same conditions as for living beetles. Profile photos on the water surface were also taken to make sure that the contact line was consistent with that observed for living beetles.
To study configurations owing to capillary interactions, casts were placed on the water surface, in a Petri dish whose walls made a contact angle of approximately 908 with water. Configurations were photographed for two, three and more than 10 casts. Two hundred configurations with two casts and 30 with three casts were photographed. As for living beetles, photos were taken when configurations were static for more than 5 s.
RESULTS AND DISCUSSION
Meniscus shape
The meniscus around a single beetle, calculated numerically, is shown in figure 5a . The meniscus had a bipolar shape with two concave parts, one at the front and one at the back of the insect. The menisci at the front and back of the body were of similar sizes (approx. 5 mm). However, the concave part around the head (minimum ¼ 20.22 mm) was deeper than that around the pygidium (minimum ¼ 20.16 mm).
The shape of the meniscus around live whirligig beetles observed experimentally is shown in figure 5b,c. The two concave parts, at the front and back, were clearly visible. The shadow of the meniscus at the bottom of the aquarium (figure 5d ) confirmed its bipolar shape. The meniscus produced by our physical model (resin casts of whirligig beetles; figure 5e) had the same bipolar shape as that produced by living beetles.
These experimental results validated the theoretical modelling of the meniscus around whirligig beetles and are in agreement with the early observation of Larsen [23] who noticed a bipolar shape. Only the shape of the contact line, defined by the insect's morphology, and the sinking of the top of the contact line into water were used for modelling the meniscus. Thus, we can conclude that the shape of the meniscus is mainly owing to the weight and morphology of whirligig beetles. Although the chemical properties of the cuticle might have an influence on the meniscus [36] , the meniscus could be modelized without this effect. The importance of the insect morphology is owing to the sharp edge around the body delimiting the contact line: a sharp edge of this type allows variations in the contact angle which changes to minimize the surface energy [31] . The overall shape of the contact line along the body axis is a convex curve with its maximum at the middle of the body (figure 4). The amplitude of this curve is relatively small (0.2 mm) but sufficient for determining the shape of the meniscus.
Capillary interactions
The free energy E as a function of the angle Dw ¼ w 2 2 w 1 between two beetles (figure 6a) is shown in figure 6b,c. The head/head side starting configuration (figure 6b) exhibits three energy minima upon varying Dw. The global minimum (Dw ¼ 21808) was the head/head line configuration. Another line configuration, the back/back line (Dw ¼ 1808), corresponded to a shallow local minimum. Another local minimum was found for Dw ¼ 588, corresponding to the back/back arrow configuration. Other configurations are instable and lead to one of these three minima. For the unstable starting configuration (figure 6c), the energy curve was symmetric. Again, three Static self-assembly in higher organisms J. Voise et al. 1361 minima were obtained, a wide one for the head/back line configuration (Dw ¼ 08), and two other minima at Dw ¼ 21808 and Dw ¼ 1808 corresponding to the starting configuration, i.e. head/back side configuration.
Static configurations involving two living beetles obtained experimentally are represented in figure 7a-c. We observed both line configurations (figure 7a) and arrow configurations (figure 7b). Side configurations were never observed. However, another configuration was observed, corresponding to a combination of the line and the side configuration, called hereafter the line-side configuration (figure 7c). The number of observations was however too small for quantitative analysis.
The configurations adopted by pairs of resin casts were evaluated and compared with predictions (table 1) . Line (67.5%) and arrow (27.5%) configurations were the most frequently observed (figure 7d,e). Line -side configurations (figure 7f ) were rare (5%) and side configurations did not occur.
Predicted and observed frequencies for pair configurations
The free energy profile E(Dw) can be used to assess the probability of finding a pair of beetles in any given angular configuration, provided that they are subject to random perturbations. Under these conditions, the probabilities are proportional to exp(2E/k B T ), where T is an effective temperature and k B is the Boltzmann constant. This can be used to predict how frequently the indicated line or arrow orientations should be observed. There is one important caveat, however, as the random perturbations must be sufficiently large for the system to pass from one local minimum to another. Simple thermal noise is not sufficient, as the energy barriers between the minima are of the order of 10 6 k B T with the ambient temperature T at 208C (figure 6). However, in field conditions, capillary waves produced by wind and other animals may provide sufficient perturbations and allow changes in configuration from one minimum to another.
Qualitative interpretation of the values of table 1 is nevertheless possible. They do not result from the randomly driven passage from one minimum to another on the energy landscape of figure 6 , which is the minimal energy of a final equilibrium state. The statistics were obtained by randomly putting two casts on the water surface and noting the final configuration. In the space spanned by all possible initial configurations (distances and angles), there are thus basins of attraction of the observed final configurations. The size of these basins in the high-dimensional initial space gives us the probabilities in table 1, because the pathway from any initial configuration to the corresponding final one can be assumed to be deterministic (see above the smallness of k B T compared with E). Indeed, the two casts approach each other, turning if necessary, and then come into contact. Only this final contact state is described by the free energy curve in figure 6 . Once in contact, further minimization of the free energy is readily trapped even by tiny local minima not visible on the plot, as long as they are much larger than k B T. This is the case for the head/head arrow configuration at about Dw ¼ 2908, which was observed but not predicted as a minimum of energy (table 1) . A local minimum is likely to exist there (figure 6b, grey ellipse) owing to small shape variations which are not resolved by our numerical model.
A conceptual view of the basins of attraction is shown schematically in figure 8 . The drawing was compiled from general symmetry considerations, including the invariance under exchange of the two beetles and the periodicity of the angles. We simplified the highdimensional space of initial states to the two initial w angles, such that the initial distance is the same for all trajectories, and assuming that the other orientation angles (c and h; figure 2) do not have a substantially different effect. The starting element of the drawing was the centres of the basins corresponding to line configurations (i.e. each multiple of 1808 for w 1 and w 2 ; e.g. see the white cross in figure 8 Figure 8 allows us to explore a larger number of initial conditions (including similar values of Dw), for which numerical computation would be too timeconsuming. The important feature of this drawing is that the head/back line basin occurs twice (one full basin plus four quarters) and other line states occur once (two half basins). This factor of two is clearly seen in the observed frequencies (table 1) , which indicate that all basins of attraction to the line states are of approximately the same size. The same argument applies to the arrow states that surround the line states. Again, we observe two occurrences of the head/back arrow, but only one of the back/back arrow, similarly reflected in table 1. Thus, the basins of attraction of these two configurations have the Static self-assembly in higher organisms J. Voise et al. 1363
same size. Only the head/head arrow state is different, as it was found much more often (table 1) . Differences between prediction and observation (i.e. for the head/head arrow and head/back side configurations) may also result from beetles in the numerical analysis all having exactly the same shape and the same length, whereas casts showed some variability in shape and size. For ellipsoidal colloids, Loudet & Pouligny [37] showed that asymmetry of size between two colloids led to energy minima different from those for identical colloids. The same may apply to our whirligig beetle model.
Explorations with three and more beetles
With three casts, four configurations were observed. Line and arrow configurations appeared again ( figure 7g,h ). Arrows could be simple (two casts in line and two casts in arrow) or double (two arrows in opposite direction). Two new configurations were observed, a triangle and a flower (figure 7i,j). When more than 10 casts were placed on the water surface, static configurations included only flower and triangular configurations (figure 7k): lines and arrows were observed only as transitions. Slight agitation of water with a wire revealed that flower and triangular configurations were very stable (no change in configuration), whereas line and arrow configurations were unstable. Furthermore, following agitation, line configurations changed into triangles, and arrow configurations became flowers ( figure 7g-j) . The analogy with capillary interactions described for colloids is very strong. Fournier & Galatola [38] investigated theoretical configurations induced by capillary interactions between spherical colloids having a quadripolar meniscus. They found three configurations corresponding to minima of the surface energy: the line, the flower and the triangle configurations. They also found that triangles and flowers are more stable than lines, consistent with our experiments in whirligig beetles. Experimental studies with ellipsoidal colloids with a quadripolar meniscus showed that shape-induced capillary interactions could produce dense networks of colloids with typical flowers and triangular configurations [24] .
Ecological implications
As the shape of the meniscus is mainly determined by the insect's morphology, it is likely that the shape observed provides some advantages. First, capillary interactions between the head of whirligig beetles and potential prey may be advantageous because their menisci have the same shape and this will facilitate prey capture. Indeed, the majority of small arthropods falling on the water surface will form a concave meniscus because of their density and hydrophobic cuticle [30, 39] . The shape of the meniscus could also facilitate mating. Whirligig beetles mate on the water surface [40] , and the attractive capillary interaction between the head of the male and the abdomen of the female could facilitate mounting of the female by the male. In contrast, the concave parts of the meniscus could severely impede leaving the water. The meniscus on water banks is in general convex, leading to a repulsive interaction with the concave parts of the beetle meniscus. Other insects have developed morphological and behavioural adaptations to climb the meniscus at water edges [41] , and it would be interesting to investigate how whirligig beetles do this. The bipolar meniscus of whirligig beetles could also be a problem if dust or pollen grains are present on the water surface: the concave parts attract such small particles which would then accumulate around the head and the pygidium. Dust around the antennae may disturb perception of surface waves. This could explain why whirligig beetles are often found on clean water and avoid dirty water surfaces.
We conclude that a capillary-based collective phenomenon occurs when resting whirligig beetles collect in swarms. Capillary interactions result in attractive forces and the assembling of individuals into a cohesive group. This group cohesion may enhance the reaction of an entire group of basking beetles faced with predators, and have only a low energetic cost. Indeed, field observations indicate that when a resting group of whirligig beetles is disturbed, the group reacts quickly with fright behaviour and returns to resting configurations after few seconds (Casas & Voise 2010, personal observation). Results of the meniscus modelling indicate that resting whirligig beetles should interact up to 1 cm from each other. Experiments with resin casts showed that individuals could interact even up to 2 cm, which remains a short-range distance. Of course, theoretically the beetle menisci should interact across infinitely large distances given an ideally flat water surface and an indefinite amount of time. However, in field and laboratory conditions, the range of attractive interactions should not be more than a few centimetres.
When there are only a few individuals active in a swarm, a combination of static (i.e. capillary-based) and dynamic self-assembly can occur. Active beetles often touch resting individuals and may break selfassembled structures. We could therefore observe a chain reaction in this situation, i.e. some individuals stay active for a few seconds, which is enough to excite some resting individuals, which will in turn excite other individuals. If the water surface is sufficiently calm locally, capillary-induced structures could then be re-formed. The proportion of static and dynamic self-assembly will depend on the proportion of active individuals in a given population.
CONCLUSION
As the same configurations were observed for living beetles and resin casts, we conclude that the formation of these structures is a passive and spontaneous phenomenon. Moreover, the configurations observed experimentally corresponded to those associated with global or local minima of the theoretical surface energy, indicating that whirligig beetles assembled according to predictable and physical constraints. Previous studies have shown that collective phenomena in lower organisms can be explained by physics alone. For example, non-equilibrium phenomena produced by bacteria in suspension can be adequately explained by hydrodynamic interactions alone [5] . Here, we found that organized structures in semi-aquatic insects can be predicted and reproduced with reference to surface tension phenomena.
Thus, the collective phenomenon of pattern forming by resting whirligig beetles corresponds to static selfassembly. As far as we are aware, this is the first described example of static self-assembly at the organism level, i.e. between individuals. This concept could be extended to individuals of different species; indeed, whirligig beetle aggregations often include several species and even several genera [12, 21] . We believe that this phenomenon between organisms has not previously been described because the forces usually involved in static self-assembly are generally too weak to act significantly on higher organisms, for which gravity is the dominant force. Static self-assembly can occur for whirligig beetles because these insects live at the air -water interface, where capillary interactions both outweigh gravity effects and act at long range with respect to the size of the insects.
